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1Chapter 1. Introduction
This thesis deals with the development of materials for stress sensor applications. These
applications include drive by wire systems and stress sensors for physical security of
computer systems. It is with these systems in mind that we can interpret the materials
science that follows.
Drive by Wire Systems
A drive by wire system replaces all mechanical linkages with electronic ones. An electronic
steering system has the advantage of using less power to operate than a mechanical steering
system; this savings could be as high as 5%. The major drawback of a drive by wire system
is that steering could be lost with power loss.
For manned vehicles it is important that there be backup systems for direction control. This
extends to, and includes, drive by wire systems for automotive purposes. It is unacceptable
for an electrical problem to remove all steering capabilities from a driver. Current hydraulic
assist steering systems provide a backup ability to steer in the event of power loss.
Any safe drive by wire system will need to provide a mechanical backup steering system to
its electronic steering systems. In order to keep the steering mechanisms simple, the sensor
for the electronic steering system should be integrated into the backup mechanical steering
2system. A sensor integrated into this mechanical steering system will need to be rugged
enough to be part of a mechanical system. The sensor would also have to operate through the
range of temperatures that are present in an automotive engine compartment.
A strong material such as cobalt ferrite would be able to be integrated into a mechanical
steering system and still function as a sensor. Chapters 3 through 7 detail work toward
improving cobalt ferrite as a sensor near room temperature and below.
Physical Security of Computer Resources
Threats to computation resources involve more than just hackers, malicious code and user
error. Hardware can fail, be stolen, or damaged. Sensor systems integrated into the physical
components of the computer can aid in detection of serious physical issues related to
hardware security. The magnetomechanical effect can be used to produce torque and linear
stress sensors.
Torque sensors may be used in any situation where the amount of toque, or lack thereof, is
important. Two situations where a torque sensor could be useful are cooling fans and hard
drive spindles. Changes in fan speed and condition could be detected by changes in the
amount of torque present in the drive shaft of the fan motor. Stoppages, where the motor is
working against a stuck fan, could be detected by an increase in torque on the drive shaft;
similarly a loss of driving power would result in a drop in torque at the sensor. In a hard
drive these changes could give advanced warning of hard drive motor or bearing failure.
3A linear stress sensor could be used to detect forces applied to a computer case. These forces
include those resulting from using a case as a load bearing surface, excessive vibration or the
opening of a computer case. Vibration can destroy hard drives; detecting excessive vibration
would allow the hard drives to be shut down quickly to protect themselves and their data.
Detecting the opening of a computer case would aid in securing the components of a
computer from theft and tampering.
Sensors could also be built to take advantage of the irreversible nature of some
transformations. These sensors could be used as a tamper sensor. Tb5Si2.2Ge1.8 could be
used as just such a sensor, and its will be discussed in chapters 8 and 9.
Introduction to Magnetic Stress Sensors
Magnetic techniques for stress/strain detection are being pursued because the magnetic
properties of a material can be greatly affected by stress through the magnetoelastic coupling.
Measuring these magnetic properties allows the stress state of a material to be determined.
Current methods for doing this include measuring Barkhausen noise emissions and hysteresis
measurements, particularly, the differential permeability for applied stress and the coercivity
for residual stress. An important consideration in remote detection of stress is that it can be
achieved without needing direct physical contact to the part.
4Stress is an important consideration when designing a load bearing or force-transferring
component. Excessive stress can lead to a reduced life span of a part. A stress that is larger
than the designed stress limit can cause failure. It is difficult to gauge precisely the level of
stress present in a part in service. Destructive techniques exist that will find the average
amount of stress that a similar part can take. Nondestructive techniques for finding this limit
will reduce the chance of unexpected failure while allowing for improved engineering safety
factors. This can lead to safer, lighter and less expensive products; however, nondestructive
evaluation requires the usage of appropriate sensors and suitable materials need to be
developed for those sensors. In particular, materials for non-contact stress sensors are of
great interest at present.
Magnetic properties such as magnetomechanical hysteresis, Curie temperature, magnetic
induction, and magnetostriction of a material depend on its structure and chemical
composition. Studying the interaction between these measurable phenomena improves our
understanding of the interplay between stress and magnetization.
Stress can be either a normal stress or a shear stress. These two labels are used to describe
conditions under which a force is being applied, perpendicular or parallel, to the surface of
the material. A force that is perpendicular to the plane of the surface will apply a normal
stress and a force that is parallel to the plane of the surface will apply a shear stress in the
material. Most materials have different limits for these two kinds of stress.
5Stresses can also be either “residual” or “applied” (the latter also being known sometimes as
“active” stress). The applied stress lessens with the reduction of the applied force, but some
component of stress, the residual stress, and any plastic deformation will remain.
Stresses that are present regardless of applied force are termed "residual" stress. Cold
working and heat treatments can change the amount of residual stress in a material. Cold
working can cause a material to become harder and more resistant to deformation. Heat
treatment can also be used to anneal a material and reduce the internal stress; this leads to a
softening of the material.
Current methods for determining the amount of applied stress usually include measuring the
amount of strain in a material. Strain is a measure of deformation. Stress can cause a
material can change size or shape. Resistive strain gauges, capacitive strain methods and
laser interferometers have been utilized to measure the amount of strain a material undergoes.
Unfortunately, these methods are not suitable for all situations and environments. Resistive
strain gauges require electrical connections between the gauge and instrumentation. The
instrumentation depends on reading small changes in electrical resistance in the gauge; this
makes using this method on rotating shafts or in harsh environments problematic. Capacitive
strain methods require careful positioning of measurement equipment that can only be
achieved under well-controlled laboratory conditions. Laser interferometers require
precision optics, reflective surfaces, and typically a large amount of space.
6Magnetic nondestructive testing techniques have been developed that are used to locate and
monitor probable points of failure, such as in the thinning of metal and corrosion in the heat
exchangers of a nuclear power station. Magnetic techniques for determining the level of
strain in a material, particularly the noncontact detection of torsional strain, will allow these
techniques to be utilized in a larger range of situations
The precision of a magnetic stress sensor depends on the environment in which the sensor is
expected to operate, since temperature variation, vibration, and corrosion can all affect the
range of input, sensitivity, and expense. These competing requirements must be considered
for each application. For example, it has been proposed [2] that use of a noncontact torque
sensor in an automotive steering column could reduce energy consumption by 5% compared
with conventional hydraulic power assisted steering systems.
The ability to determine the stress of a rotating shaft also has many potential uses.
Competitive auto racing uses knowledge of the strain tolerance of the drive shafts to push as
much power to the drive wheels as possible. Similarly, a measure of the strain on the drive
shaft of electric generators and motors would help the rail industry and power generation
industry to safely operate their generators and motors closer to their performance limits,
while detecting early signs of failure. Similar sensors on electric motors could be used to
detect early signs of failure, such as with cooling fans where a change in load on the motor’s
shaft can be a symptom of impending failure.
7Magnetic stress sensors have another feature that electrical and optical stress sensors lack. A
magnetic material that functions as a stress sensor is magnetostrictive. Given a method to
apply a magnetic field to the material, the sensor can also be used as an actuator. This has
the potential to further reduce the complexity of some engineering systems. Given the dual
use of magnetic stress sensors/actuators, they have the potential to reduce the size,
complexity and power requirements for automobile steering, power generation, and other
applications.
Thesis Organization
This thesis is organized into eight additional chapters. Chapter 2 is a paper published in
IEEE Transactions on Magnetics that presents a study on the effects of shear stress on
magnetization in nickel and demonstrates the appropriateness of the application of an
extended version of the theory of the magnetomechanical effect [3]. Chapter 3 is a study
published in IEEE Transactions on Magnetics of the effects of doping cobalt ferrite to reduce
room temperature magnetomechanical hysteresis. Chapter 4 is a publication from the IEEE
Transactions on Magnetics concerning improvements made to the strain response due to
application of a magnetic field to cobalt ferrite during annealing, a process known as
magnetic annealing. Chapter 5 is a paper from the Journal of Applied Physics discussing the
effects of doping cobalt ferrite with manganese. Chapter 6 is a publication from the Journal
of Applied Physics discussing magnetic properties such as magnetic anisotropy and
coercivity of manganese doped cobalt ferrite. Chapter 7 is a paper from the Journal of
8Applied Physics describing the variations in magnetostriction in single crystal Tb5Si2.2Ge1.8
caused by temperature. Chapter 8 describes a paper submitted to the IEEE Transactions on
Magnetics concerning the irreversible nature of the first-order paramagnetic to ferromagnetic
phase transition in single crystal Tb5Si2.2Ge1.8. Chapter 9 discusses the major conclusions of
the research work presented in this thesis.
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Abstract
The effects of pure shear stress on magnetization in nickel have been studied with a view to
developing a theoretical understanding of the Matteucci effect, which is of great
technological interest in the search for viable magnetic torque sensors. The effects of pure
shear stress on a planar magnetic material and those due to torque applied to a rod are
analogous in the sense that they can be described in terms of a pair of tensile and
compressive stresses acting at 45° to the neutral axis of the plate or the rod axis. In this work
the responses of nickel to shear stresses were studied under various dc applied fields. A
model description was developed as a generalization of the theory of magnetomechanical
effect to include shear stresses. This theory can be used as an aid to interpretation of the
experimental results.
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Introduction
This paper reports on the experimental studies of the magnetic responses of nickel to a
varying pure shear stress in the presence of dc magnetic fields. A theoretical description was
developed as an extension of the magnetomechanical effect theory to encompass shear stress,
and was found to be capable of simulating the nonlinear changes in magnetization with shear
stress.
Development of a theoretical description of the effects of torsional stresses on magnetization
(the Matteucci effect) of materials has attracted attention recently [1]-[3] due to the interest in
magnetoelastic sensors for noncontact torque sensing applications [4]-[6]. Early
mathematical models of this phenomenon were limited to reversible cases and these were of
little practical value as the magnetic responses of materials to stresses are in general
nonlinear [7],[ 8]. Fundamental understanding of the Matteucci effect can be obtained
through the study of the effects of a pure shear on a planar magnetic material, since shear and
torsional stresses are analogous in the sense that they can be described in terms of a pair of
tensile and compressive stresses acting at 45° to the neutral axis of the plate or the rod axis.
12
Experimental Details
Sample
In order to produce pure shear stresses, a nickel plate was machined into a shear-beam load
cell configuration as shown in Fig. 1. Finite-element modeling was performed to determine
the shape and dimensions of the sample so that a pure shear stress would be present at the
center of the sample when a tensile stress was applied along the neutral axis. To determine
the stress state of the sample under applied loads, a three-axis strain gauge was mounted at
the center of the sample to measure simultaneously the strains along the directions
perpendicular to, and at 45° on either side of, the neutral axis. A pickup coil was wound
around the central part of the sample to measure the change in magnetic induction along the
direction perpendicular to the neutral axis as shown in Fig.1.
Setup
The sample was mounted in a computer controlled Instron testing machine with the neutral
axis of the sample aligned along the stress axis. A pair of Helmholtz coils connected to a
computer controlled power supply were placed on the two sides of the sample to apply a dc
field along the direction as shown in Fig. 1.
13
Fig. 1. Schematic diagram of the shear-beam load cell.
A multi-channel strain gauge indicator was used to read the strains along all three axes. The
output of the pickup coil was integrated using a fluxmeter to measure the magnetic induction
signal. The fluxmeter output was filtered using a low-pass filter (cutoff frequency = 10Hz)
and then amplified by 60 dB to improve the signal-to-noise ratio.
Experiment
The experimental part of these tests consisted of measuring the change in magnetization
caused by a change in shear stress by recording the output from a pickup coil under various
levels of dc applied field. Before the test the sample was first demagnetized inside a solenoid
by applying an ac field of decaying amplitude. A dc magnetic field was then applied. A
tensile load increasing from 0 N to 600 N was applied to the sample. The tensile load was
14
then varied sinusoidally between 0 and 600 N with a mean level of 300 N for three cycles.
The applied load, strain gauge readings, and the induction signal were simultaneously
collected by a computer via an analog-to-digital (A/D) converter. The tests were repeated
under various dc magnetic fields between 0 A/m and 1642 A/m.
Results
The presence of pure applied shear stresses was confirmed by the results of the strain
measurements, which indicated that the strain is zero along the applied field direction, and
that the strains at 45° from the neutral axis had equal but opposite magnitudes. The
magnitude of the shear stress  was calculated from the applied load F by  = FQ/It, where t
is the sample thickness, I is the moment of inertia about the neutral axis, and Q is the first
moment of area. The change in magnetic induction for the first loading cycle of each test
was plotted versus the shear stress.
As shown in Fig. 2, magnetic induction increased nonlinearly with shear stress and reached a
maximum at the highest stress level. On decreasing the shear stress the induction signal
decreased slightly and attained a value above the initial induction level after the shear stress
has been reduced to zero. The induction signal then varied approximately linearly with shear
stress as the applied load was further cycled between 0 and 600 N.
The present results indicate an irreversible change in magnetization over the shear stress
cycle. The magnitude of the irreversible change was found to increases with the dc applied
15
field as shown in Fig. 3. The present results indicate nonlinear, hysteretic response of nickel
to shear stress, which cannot be described using the linear reversible theory of
magnetoelasticity [8].
Fig. 2. Changes in induction versus shear stress for various dc applied fields.
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Fig. 3. Maximum changes in induction measured at the largest shear stress versus the dc
applied fields.
Extension of the Magnetomechanical Effect Model to Shear Stress
To aid interpretation of the experimental results, a theoretical description was developed as
an extension of the theory of the magnetomechanical effect [9] to include shear stress. A
pure shear stress was treated as two principal stresses of the same magnitude but opposite
signs inclined at 45° on either side of the neutral axis. The total magnetoelastic energy E
associated with the principal stresses ± (positive for tension and negative for compression)
is given by [2]
17
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where  is the magnetostriction,  is Poisson’s ratio and 1 and 2 are the angles between the
principal stresses and the magnetization. In this case, 1 = 45° and 2 = -45°. effective field
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H is nonzero since the derivatives ()/M and (-)/M are not generally the same. In
general,  is a function of both the magnetization M and stress . For simplicity, one can use
the approximation [9]
 = 1M2 + 2M4 (3)
where
i = i1 + i2 (4)
for i = 1, 2. The field H induced by the shear stress can then be written as
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In this way, the nonlinear, hysteretic responses of magnetic materials to shear stress can be
described in terms of an effective field induced by two principal stresses based on the
magnetomechanical effect model [9].
The extended model was used to simulate changes in magnetic induction caused by varying
shear stress in the presence of a dc applied field. To determine the values of the model
parameters, hysteresis loop of the sample was measured with field applied along the direction
perpendicular to the neutral axis as indicated in Fig.1. The hysteresis model parameters were
determined by obtaining a best fit of the simulated loop to the measured data and were found
to be Ms = 5.5×105A/m, a = 2250 A/m, k = 1200 A/m,  = 0.0035 and c = 0.1. The values of
 1 and  2 were determined by fitting the equation  = 1M 2 + 2M 4 to the magnetostriction
curves which were measured under various constant applied stresses within the range of -50
to 75 MPa. Both  1 and  2 were found to vary approximately linearly with stress as
described in (4). The coefficients 12 and 22 were determined by linear least-squares fitting
to be 2.1×10-24 A-2m2Pa-1 and -4.7×10-36 A-4m4Pa-1 respectively. As shown in Fig. 4, the
nonlinear dependence on shear stress of the change in magnetic induction was reproduced for
different dc applied fields using the extended model.
19
Conclusion
The effects of pure shear stress on magnetization in nickel have been studied. The results
show nonlinear, hysteretic changes in magnetic induction with varying shear stress, and the
maximum change in induction increases with the dc applied field in the range measured. A
model description was developed as a generalization of the pre-existing linear reversible
theory of the magnetomechanical effect in order to accommodate shear stresses and
nonlinearity. This was found to describe the experimentally observed results.
20
Fig. 4. Measured and modeled changes in induction as a function of shear stress for various
dc applied fields.
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Abstract
Cobalt ferrite has been shown to be an excellent candidate material for high sensitivity
magnetic stress sensors due to its large magnetomechanical effect and high sensitivity to
strain. However, near room temperature, the material exhibits some magnetomechanical
hysteresis, which becomes negligible for temperatures of 60°C and above. Measurements
indicate that doping the cobalt ferrite with silicon lowers the Curie temperature of the
material. It was also found that the Curie temperature of the material depends on the
fabrication and processing procedure. These results offer the possibility of decreasing the
room temperature magnetomechanical hysteresis through control of the Curie temperature,
thereby altering the temperature dependence of magnetic and magnetomechanical properties.
Index Terms – Cobalt ferrite, Curie temperature, magnetoelastic materials, stress sensors
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Introduction
The development of new magnetoelastic materials for use in magnetic stress sensors is of
scientific and technological interest due to the growing number of possible applications
including automated control systems, noncontact torque sensing and embedded stress-sensing
applications. Most sensor applications ideally require materials that exhibit large reversible
changes in magnetization with applied stress or torque together with minimal
magnetomechanical hysteresis at ambient temperatures. In previous studies, metal bonded
cobalt ferrite composites have been shown to be excellent candidates for stress sensors due to
a large magnetomechanical effect and high sensitivity to strain. They show linear
magnetostrictive strains of up to 225 x 10-6 with a (d/dH)max of 1.3 x 10-9 A-1m under no
external load. They also show good mechanical properties, excellent corrosion resistance,
and low cost [1]-[3].
Nevertheless, metal bonded cobalt ferrite composites exhibit magnetomechanical hysteresis,
and for these materials to be suitable for sensor applications, it is desirable to reduce this
hysteresis. It was observed that the magnetomechanical hysteresis of toroid samples of
metal-bonded cobalt ferrite composite became negligibly small at temperatures above 60°C
as shown in Fig. 1 [2]. Therefore, the objective of this study is to investigate whether this
temperature can be decreased by composition changes that decrease the Curie temperature of
the ferrite, thus enabling operation within the temperature range of reversible
magnetomechanical response.
25
Fig. 1. Variations in sensitivity (rate of change in axial magnetic field with applied torque)
and magnetomechanical hysteresis of a metal-bonded cobalt ferrite composite (98 vol %
CoO·Fe2O3 + 2 vol % Ag0.97Ni0.03) toroid with temperature [2].
Materials
Chemical Composition
Silicon has been identified as a material for use in doping cobalt ferrite material to lower the
Curie point [4]. To investigate this possibility, a series of samples with compositions of
Co1+xSixFe2-2xO4 (where x is 0 to 0.3) were prepared. The doped cobalt ferrite samples were
made by mixing Fe2O3, SiO2, and Co3O4 powders in the targeted proportions and the
materials were fabricated in the following way: The powder was pressed and calcined at
26
1000°C for 24 hours, ball milled, pressed and calcined again at 1000°C for 24 hours. The
powder was then re-milled, mixed, pressed into slugs and sintered at 1250°C for 15 minutes.
The samples were cooled by removal from the furnace to room temperature air.
Images of the microstructure of the samples were taken using a scanning electron microscope
(SEM) to ensure that the samples were homogeneous. Energy-dispersive x-ray spectroscopy
(EDX) was used to determine the final composition of the samples. This fabrication
procedure was refined until it produced uniform structures and chemically homogeneous
samples.
Sintering Temperatures
To investigate whether the Curie temperature could be further altered by means of the
fabrication process another set of five samples was prepared. The initial composition of
these samples was Co1.6Si0.6Fe00.8O4 and the procedure for the sample preparation was the
same as before except the powder was ground and mixed used a ball-milling method and the
final sintering temperature was varied between 1050 °C and 1275 °C for the series of
samples.
Experiments
The final sample compositions were examined by EDX in an SEM to determine the actual
composition after processing. This compositional analysis method could accurately measure
the Co, Fe, and Si content, but was unable to give accurate results for O content. To
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determine the Curie temperatures, the magnetic moment was measured as a function of
temperature using a vibrating sample magnetometer (VSM) with a high temperature furnace
and temperature controller, under computer control. The magnetic moment measurements
were performed over a temperature range of 100°C - 650°C. The samples were heated
through the Curie temperature transition at a rate of 2 °C per minute, then cooled back
through the transition at the same rate. The cooling curves retraced the heating curves
without hysteresis.
VSM measurement results for the sample series with varying Si content are shown in Fig. 2.
Curie temperature was determined for each sample by linearly extrapolating the
magnetization versus temperature curve from the region of maximum slope down to the
temperature axis (M = 0, T = Tc).
Results and Discussion
Effects of Composition
EDX measurement results of the actual finished compositions of these samples are shown in
the second column of Table 1. The oxygen content is shown as Ox, since this could not be
determined accurately by EDX. After fabrication and processing, the third and fourth
samples had more Co and Si, and less Fe than in the starting material.
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The values determined for Curie temperature are shown in the third column of Table I. It can
be seen that substituting Si and Co for Fe in the series caused a decrease in Curie
temperature, in the case of the fourth sample, by as much as 44°C.
Fig. 2. Normalized magnetic moment of Si-doped cobalt ferrite as a function of temperature,
for various Si contents
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Initial
Composition
Final
Composition
Curie
Temperature
(°C)
CoFe2O4 Co1.1Fe1.9Ox 552
Co1.1Si0.1Fe1.8O4 Co1.11Si0.08Fe1.81Ox 535
Co1.2 Si0.2Fe1.6O4 Co1.42 Si0.31Fe1.26Ox 521
Co1.3Si0.3Fe1.4O4 Co1.67Si0.47Fe0.86Ox 508
Table I. EDX and Curie temperatures for the series of Si-doped Co-ferrite samples with
varying amount of Si and Co substitution for Fe
The Curie temperature for the pure cobalt-ferrite was determined to be 552°C, which is
higher than that reported previously, 520°C, by Smit and Wijn [5]. However the sample
produced in the present study was richer in cobalt than the stoichiometric composition
CoFe2O4, as shown in Table I. Furthermore differences in thermal preparation, including
both temperatures and times, could affect compositional homogeneity and possible presence
of secondary phases or could affect the site occupancy of Co and Fe among the A and B
sites, thereby affecting the strength of the exchange interactions. For these reasons one might
expect differences in Curie temperatures between nominally identical materials that were
prepared in different ways.
The rate of decrease of Curie temperature with added Si content found in this study is
considerably less than that found by Shinde and Jadhav [4]. However, thermal preparation
conditions were different in the two investigations. They performed their final sintering at
1050°C and the samples were slow-cooled at a rate of 2°C/min. In the present study, the
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samples were sintered at 1250°C and then rapidly cooled by removing from the furnace to
room temperature air. Thermal treatment could affect the possible presence and percentages
of secondary phases and compositional homogeneity in either the samples prepared in the
present work or in those prepared by Shinde and Jadhav. X-ray diffraction investigations are
currently underway to identify the presence of any secondary phases. Furthermore, thermal
treatment has also been reported to influence the site occupancies of the Co and Fe [6], which
could also affect the Curie temperature.
A possible explanation of the reduced Curie temperature observed in the silicon doped cobalt
ferrites is that the presence of silicon disrupts the exchange interaction in the material. This is
expected to affect the temperature dependence of magnetocrystalline anisotropy and in turn
change the magnetomechanical hysteresis at a given temperature. The fact that the
magnetocrystalline anisotropy of cobalt ferrites becomes zero at temperatures below the
Curie point [5] suggests that if the Curie temperature of cobalt ferrite can be reduced, the
temperature of zero anisotropy may decrease accordingly. Therefore the magnetomechanical
hysteresis, which depends on the anisotropy, is expected to decrease as the Curie temperature
is reduced.
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Sintering
Temperature
(°C)
Final
Composition
Curie
Temperature
(°C)
1050 Co1.61Si0.48Fe0.91Ox 500
1150 Co1.60Si0.50Fe0.90Ox 500
1200 Co1.61Si0.52Fe0.88Ox 490
1250 Co1.57Si0.46Fe0.97Ox 458
1275 Co1.45Si0.42Fe1.13Ox 455
Table II. EDX and Curie temperatures for the series of Si-doped Co-ferrite samples with the
same starting composition (Co1.6Si0.6Fe00.8O4), and different final sintering temperatures.
VSM results for the series of samples with different sintering temperatures are shown in Fig.
3. The final compositions and Curie temperatures are shown in Table II. The results for the
samples sintered at 1050°C and 1150°C are essentially identical. However, for further
increase in sintering temperature up to 1250°C, the Curie temperature was found to decrease.
Then for further increase of the sintering temperature to 1275°C, the Curie temperature
changed only slightly. The overall free range of Curie temperatures was from 455 to 500oC.
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Fig. 3. Normalized magnetic moment of Si-doped cobalt ferrite vs. temperature, for various
final sintering temperatures.
Conclusion
These results show that the Curie temperature of cobalt ferrite (CoFe2O4) can be adjusted
over a substantial range by the substitution of Si and Co for Fe, and by varying the thermal
treatment. This suggests that the temperature dependence of magnetic and
magnetomechanical properties can be adjusted by such substitutions and thermal treatments,
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in order to control the temperature dependence of magnetomechanical hysteresis. This could
enable ambient temperature operation of devices, such as magnetic stress sensors, based on
effectively hysteresis-free material and thereby opens up a wide variety of new potential
technological applications.
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Abstract
We report dramatic improvements in both magnetostriction level and strain derivative of
polycrystalline cobalt ferrite as a result of magnetic annealing. Magnetostrictive cobalt ferrite
composites have potential for use in advanced magnetomechanical stress and torque sensors
due to a high sensitivity of magnetization to applied stress and high levels of
magnetostriction. Results show that annealing cobalt ferrite at 300ºC in air for 36 hours under
a dc field of 318 kA/m (4 kOe) induced a uniaxial anisotropy with the easy axis being along
the annealing field direction. Under hard-axis applied fields, the maximum magnetostriction
measured along the hard axis at room temperature increased in magnitude from -200×10-6 to
-252×10-6 after annealing. The maximum strain derivative (d/dH)max, which is related to
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stress sensitivity, increased from 1.5×10-9 A-1m to 3.9×10-9 A-1m. The results can be
interpreted in terms of the effects of induced uniaxial anisotropy on the domain structure and
magnetization processes.
Index Terms— Induced anisotropy, Magnetic annealing, Magnetostrictive cobalt ferrite,
Magnetoelastic stress sensor.
Introduction
Magnetostrictive cobalt ferrite composites have a large magnetomechanical effect and high
sensitivity to stress that offer prospects for noncontact sensing of stress or torque through
detection of changes in magnetic properties [1]. According to the thermodynamic
relationship, the stress sensitivity of induction (dB/d)H is related to the strain derivative
(d/dH) assuming the process to be reversible under small applied field and stress. The latter
can therefore be used as an indication of potential performance of a material for
magnetomechanical sensor applications. Cobalt ferrite composites have been reported to
show linear magnetostrictive strains up to -225 × 10-6 with a maximum strain derivative
(d/dH) of 1.3 × 10-9 A-1m under zero applied stress. This strain derivative is an order of
magnitude greater than that of Terfenol-based composites [2].
Nevertheless there are needs to further improve the magnetomechanical properties of the
material for sensing applications. In particular it is desirable to improve linearity of response
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by decreasing the magnetomechanical hysteresis, and to increase the sensitivity of
magnetization to stress. It has been found in a recent study that substitution of Mn for some
of the Fe in cobalt ferrite can be used to control the Curie temperature over a range of several
hundred degrees while maintaining high levels of magnetostriction [3]. This enhances
reversible magnetomechanical response by allowing control and reduction of
magnetomechanical hysteresis within the ambient temperature range of interest.
In this work, we report improvements of both magnetostriction level and strain derivative of
pure polycrystalline cobalt ferrite by magnetic annealing. The results demonstrate an
attractive approach besides chemical substitution to enhancing the magnetomechanical
properties of cobalt ferrite composites for stress sensing applications.
Experimental Details
A sintered polycrystalline cobalt ferrite sample was prepared by standard powder ceramic
techniques [3]. The results of x-ray powder diffractometry study confirmed the single-phase
spinel crystal structure. The sample has a homogeneous microstructure of equiaxed grains.
The composition was determined to be Co1.0Fe2.0O4 using energy dispersive x-ray
spectroscopy (EDS) in a scanning electron microscope (SEM).
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A disk of diameter 5.1 mm and thickness 0.7 mm was cut from the sintered sample for
magnetic measurements. The disk geometry gives equal demagnetizing factor for any
direction in the sample plane and therefore allows direct comparison of magnetic
measurement results. The hysteresis loops and magnetostriction curves measured before
magnetic annealing showed no magnetic anisotropy. The sample was annealed at 300ºC in
air for 36 hours in a vibrating sample magnetometer (VSM) with a furnace, under a dc field
of 318 kA/m (4 kOe) applied in the sample plane. Measurements were then repeated on the
annealed sample under magnetizing fields applied along different directions in the sample
plane.
Results and Discussion
As shown in Fig. 1, the results of magnetic hysteresis measurements indicate a uniaxial
anisotropy induced by magnetic annealing, with the easy axis being along the magnetic
annealing field direction. The coercivities were measured to be 2.6 kA/m and 6.9 kA/m along
the easy and hard axes respectively, compared to 5.4 kA/m for the as-fabricated sample
(Table I). It is interesting to note that in a previous study, cobalt ferrite of similar
composition (Co1.1Fe1.9O4) was reported not to respond to magnetic annealing at 150 °C for
36 hours [4].
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Fig. 1. Hysteresis loops measured along (easy axis) and perpendicular (hard axis) to
annealing field direction indicating the presence of an in-plane anisotropy induced by
magnetic annealing.
As shown in Fig. 2, a significant improvement in magnetostrictive properties was observed
after magnetic annealing. The maximum magnetostriction increased in magnitude from -
200 × 10-6 for the as-fabricated sample to -252 × 10-6 after magnetic annealing when both
applied field and measured strain were along the hard axis. The magnetostriction curve with
the strain measured along the easy axis and with field applied along the hard axis shows
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(a)
(b)
Fig. 2. (a) Magnetostriction curves measured before and after magnetic annealing. For the
latter, both the applied field and measured strain were along the hard axis. (b)
Magnetostriction curve with strain measured along the easy axis versus hard-axis applied
field after magnetic annealing.
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Coercivity
(kA/m)
Maximum
magnetostriction
(× 10-6)
Maximum
strain derivative
(d/dH)max
Before
annealing
5.4 -200 1.5×10-9 
After
annealing
Field* Strain*
HA EA — 240 3.3×10-9 
HA HA 6.9 -252 3.9×10-9 
EA EA 2.6 84 —
EA HA — -38 —
*EA = easy axis, HA = hard axis
Table 1. Magnetic and Magnetostrictive Properties of Cobalt Ferrite Before and After
Magnetic Annealing
similar shape [Fig. 2(b)] and a comparable maximum magnetostriction level (240 × 10-6) but
of opposite sign (i.e. positive magnetostriction). It is worth noting that after annealing the
sample showed a nonzero strain along the induced easy axis under fields applied along the
easy axis (Table I). This implies that without any applied field the domains inside the
annealed sample are not completely aligned along the induced easy axis, because such
domain configuration would have given zero magnetostriction under easy-axis applied field.
Magnetic annealing was also found to improve the strain derivative d/dH which is related to
the sensitivity of magnetization to stress. As shown in Fig. 2, after magnetic annealing the
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maximum slope of magnetostriction curve (d/dH)max in the low field regime (at around
50 kA/m) increased from 1.5 × 10-9 A-1m to 3.9 × 10-9 A-1m (Table I). This increase in
(d/dH)max is larger than that obtained by substitution of Mn for some of the Fe in cobalt
ferrite, which has been reported in a recent study to be effective in lowering Curie
temperature of cobalt ferrite while maintaining a high level of magnetostriction [3]. As
shown in Fig. 3, substituting a small amount of Mn for Fe (e.g. CoFe1.8Mn0.2O4) increases
(d/dH)max by 84%, substantially less than that achieved by magnetic annealing (an increase
of 163%). The present results suggest that magnetic annealing offers an alternative means
other than chemical substitution for improving stress sensitivity of cobalt ferrite. It is noted
that magnetic annealing gives rise to high levels of magnetostriction and (d/dH)max under
hard-axis applied fields, whereas Mn-substituted cobalt ferrites show improved (d/dH)max
irrespective of the applied field direction. It should also be pointed out that the improved
magnetomechanical properties of magnetically annealed samples may degrade over time or
after operation at elevated temperature which is undesirable for sensor applications. Further
studies will focus on examining thermal stability of the induced anisotropy of the
magnetically annealed samples.
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Fig. 3. Comparison of the maximum strain derivative (d/dH)max of the as-fabricated and
magnetically annealed pure cobalt ferrite with a series of cobalt ferrite samples substituted
with various amounts of Mn.
The increase in maximum magnetostriction after magnetic annealing is attributed to the
induced uniaxial anisotropy which affects domain configuration and magnetization processes
and in turn alters the measured magnetostrictive strain. It has been reported that pure cobalt
ferrite without being subjected to magnetic annealing has a positive magnetocrystalline
anisotropy constant K1 which ranges from 1.8×105 J/m3 to 3.9×105 J/m3, depending on
stoichiometry [5]. It has magnetostriction constants 100 = -590×10-6 and 111 =120×10-6 [4].
Before magnetic annealing the {100} crystallographic directions are equally easy axes of
magnetization. The effect of magnetic annealing was to induce a uniaxial anisotropy
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superimposed onto the magnetocrystalline anisotropy, making those {100} directions close to
the induced easy axis more energetically favorable. As a result the domains in each grain of
the annealed sample tend to align along the {100} directions of the grain that are close to the
induced easy axis.
When a magnetic field is applied along the hard axis of the annealed sample, domain
magnetization re-orients toward the field direction from local easy directions close to the
induced easy axis. This results in a positive magnetostrictive strain along the easy axis but a
negative strain along the hard axis as shown in Fig. 2. In the presence of the induced uniaxial
anisotropy, re-orientation of domain magnetization involves more rotation of domain
magnetization and non-180º domain wall processes than in the as-fabricated sample which is
isotropic. Therefore the maximum attainable magnetostrictive strain is higher after magnetic
annealing.
When a field is applied along the induced easy axis, in the low field regime magnetization
reversal proceeds through domain wall motion and rotation of domain magnetization to those
{100} directions closest to the applied field. These processes produce substantially lower
magnetostrictive strains than those observed under hard axis applied fields, since the extent
of domain re-orientation is relatively small compared to the magnetization process occurring
under hard axis fields which involves orientation of domain magnetization from close to the
easy axis to the hard axis. As the field along the induced easy axis is further increased
(beyond about 1.5×105A/m), magnetization approaches saturation as domain magnetization
rotates from the local {100} easy directions toward the applied field, and in some of the
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grains into the {111} directions. This results in positive (since 111 is positive) and negative
magnetostrictive strains along the induced easy and hard directions respectively (Table I).
Conclusion
Improvement in magnetostrictive strain and strain derivative has been achieved in a pure
polycrystalline cobalt ferrite sample by magnetic annealing. After annealing the maximum
magnetostriction along the easy and hard axes increased by 20% and 26%, and the
corresponding maximum strain derivative increased by 126% and 163% respectively under
hard axis applied fields. This increase in strain derivative is larger than that obtained by
substitution of Mn for Fe in cobalt ferrite. The results can be interpreted in terms of the
effects of induced uniaxial anisotropy on the domain structure and magnetization processes.
The present results indicate that magnetic annealing provides an alternative means other than
chemical substitution for enhancing magnetomechanical properties of cobalt ferrite for
magnetoelastic stress or torque sensor applications.
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Abstract
Metal bonded cobalt ferrite composites have been shown to be promising candidate materials
for use in magnetoelastic stress sensors, due to their large magnetostriction and high
sensitivity of magnetization to stress. However previous results have shown that below 60°C
the cobalt ferrite material exhibits substantial magnetomechanical hysteresis. In the current
study, measurements indicate that substituting Mn for some of the Fe in the cobalt ferrite can
lower the Curie temperature of the material while maintaining a suitable magnetostriction for
stress sensing applications. These results demonstrate the possibility of optimizing the
magnetomechanical hysteresis of cobalt ferrite-based composites for stress sensor
applications, through control of the Curie temperature.
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Introduction
Magnetostrictive cobalt ferrite composites hold promise for use in advanced
magnetomechanical stress and torque sensors because of their large strain derivative
(d/dH) and their high sensitivity of magnetization to applied stress (dB/d)H.
Magnetoelastic stress sensors operate on the principle that magnetic properties of materials
such as permeability and magnetization are altered by stress via the magnetoelastic coupling
[1]. These magnetic property changes can be detected remotely, for example, by measuring
magnetic field near the sensor surface using a Hall effect device [2]. Magnetoelastic
materials therefore offer realistic prospects for development of contactless sensors for use in
stress and torque sensing applications.
Most stress sensor applications ideally require materials that exhibit large reversible changes
in magnetization with applied stress together with minimal magnetomechanical hysteresis.
In previous studies, metal bonded cobalt ferrite composites have been shown to be excellent
candidates for stress sensors due to a large magnetomechanical effect and high sensitivity to
stress [2]-[4]. They show almost linear magnetostrictive strains of magnitude up to 225 ×
10-6 with a maximum rate of change of strain with applied field (d/dH)max of 1.3 × 10-9 A-1m
under no external load. They also exhibit good mechanical properties and excellent
corrosion resistance.
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A drawback to metal-bonded cobalt ferrite composite materials is that they also exhibit some
magnetomechanical hysteresis at room temperature, and for these materials to be suitable for
sensor applications it is desirable to reduce this hysteresis. It was observed that the
magnetomechanical hysteresis became negligibly small at temperatures above 60°C.2 Since
the temperature dependence of magnetic and magnetoelastic properties is strongly influenced
by the Curie temperature (TC), the objectives of this study were to investigate whether TC can
be decreased through composition changes, while at the same time maintaining sufficient
magnetostriction for stress sensor applications. This would thereby enhance the reversible
magnetomechanical response within the temperature range of interest and allow control and
reduction of magnetomechanical hysteresis.
Cobalt ferrite, which has the inverse spinel crystal structure, can be used for investigation of
the effects of microstructural changes and lattice strain on the magnetic properties. It has
been shown for example that annealing the cobalt ferrite can be used to alter the cation
distribution among the octahedral and tetrahedral lattice sites and thereby lead to differences
in magnetic properties [5],[6]. The substitution of Mn for Fe in cobalt ferrite can also cause
migration of cobalt from the octahedral sites to the tetrahedral sites and structural changes
have also been observed in films of this material as a result [7]. In these cases, it was found
that saturation magnetization, coercivity and Curie temperature all decreased with increasing
Mn content.
In this work, manganese-substituted cobalt ferrite was fabricated and its properties
characterized to study the effects of composition on the Curie temperature and
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magnetostriction. Previous studies of Mn-substituted cobalt ferrite centered ont hin films for
magnetooptical applications and fine particles [8]. The effects of Mn on the
magnetomechanical properties have not been reported. In the present study, we report results
of the effect of manganese substitution for iron on Curie temperature, magnetization, and
magnetostriction for a series of sintered bulk Mn-substituted cobalt ferrite of composition
CoMnxFe2-xO4 for 0  x  0.8.
Experimental Procedures
A series of manganese-doped cobalt ferrite samples with compositions of CoFe2-xMnxO4
(where x ranges from 0 to 0.8) were prepared by substituting manganese for iron. The
samples were made using standard powder ceramic techniques. The process involved mixing
Fe2O3, MnO2, and Co3O4 powders in the targeted proportions. The powder was mixed,
calcined, ball milled, mixed, and recalcined. The powder was then remilled, mixed, pressed
into slugs and sintered in air. The samples were cooled by removal from the furnace to room
temperature. The microstructure of the samples was characterized using a scanning electron
microscope. Energy-dispersive x-ray spectroscopy (EDX) was used to determine the final
composition of the samples. This fabrication procedure was refined until it produced
uniform microstructures and chemically homogeneous samples. The compositions of the
samples are given in Table 1.
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Target Composition by EDX
Composition Co Fe Mn
CoFe1.8Mn0.2O4 0.95 1.83 0.22
CoFe1.7Mn0.3O4 0.98 1.73 0.29
CoFe1.6Mn0.4O4 0.95 1.62 0.44
CoFe1.4Mn0.6O4 0.93 1.43 0.65
CoFe1.2Mn0.8O4 0.96 1.2 0.84
Table 1. Target and final compositions for the series of manganese substituted cobalt ferrite
samples with various amounts of manganese substituted for Fe.
To determine the Curie temperatures of the various manganese substituted compounds, the
magnetic moment was measured as a function of temperature using a vibrating sample
magnetometer (VSM) with a high-temperature furnace and temperature controller. The
magnetic moment measurements were performed over a temperature range of 100°C to
650°C. The samples were heated through the Curie temperature transition at a rate of 2 °C
per minute, and then cooled back through the transition at the same rate. These
measurements were performed under an applied field of 8 kAm-1 (100 Oe). Curie
temperatures of the samples were determined from the cooling curves by linear extrapolation
of the magnetic moment versus temperature curve from the region of maximum slope down
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to the temperature axis. Room-temperature saturation magnetization of the samples was
measured using the VSM under an applied field of 560 kAm-1 (7 kOe).
Results and Discussion
The temperature dependence of the normalized magnetic moment of the pure cobalt ferrite
and the material with various amounts of manganese substituted for Fe is shown in Fig. 1.
All of the samples exhibited a sharp increase in magnetic moment on cooling through the
Curie temperature. It is evident that substituting Mn for Fe in cobalt ferrite reduced the Curie
temperature, by as much as 300 °C in the case of CoFe1.2Mn0.8O4.
Fig. 2 shows the room-temperature saturation magnetization of pure cobalt ferrite along with
the Mn-substituted ferrite samples. Although Mn substitution made a substantial decrease in
Curie temperature, room temperature saturation magnetization showed only a modest decline
(a reduction of 20% over the range of 0  x  0.8).
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Fig. 1. Normalized magnetic moment versus temperature upon cooling for pure cobalt ferrite
and manganese-substituted cobalt ferrite samples CoFe2-xMnxO4 with various manganese
contents (x = 0 to 0.8).
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Fig. 2. Saturation magnetization Ms at room temperature of manganese-substituted cobalt
ferrite CoFe2-xMnxO4 with various manganese contents. The applied field was 560 kAm-1 
(7000 Oe).
As shown in Fig. 3, samples with low Mn contents (e.g., CoFe1.8Mn0.2O4) had maximum
magnetostriction comparable with that of pure cobalt ferrite. Further increase in manganese
content reduced the maximum magnetostriction. It should however be noted that even the
lowest maximum magnetostriction (50 ppm for x = 0.8) was higher than that of nickel which
in the past has been considered for use in magnetomechanical sensors 11. Furthermore, Mn
substitution does not appear to adversely affect the slope of the magnetostriction curve
(d/dH) at low field (in fact, for x = 0.2 and 0.3, it increased with Mn content). This slope is
related to the stress sensitivity of the magnetization 10 and is an indication of potential
performance of a magnetomechanical sensor based on this material.
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Fig. 3. Magnetostriction curves for Co1Fe2-XMnXO4 samples.
The Curie temperature decreased approximately linearly with increasing manganese content
as shown in Fig. 4. The magnitude of the maximum magnetostriction also decreased with
increasing Mn content.
56
Fig. 4. Curie temperature Tc and maximum magnetostriction max of the manganese-
substituted cobalt ferrite samples versus the manganese content.
These results indicate that manganese-substituted cobalt ferrites offer improved scope for
developing magnetomechanical sensors and actuators beyond that possible with the original
cobalt ferrite material. Substitution of Mn for Fe has the effect of making a substantial
decrease in Curie temperature, which thereby affects the temperature dependence of
magnetic and magnetomechanical properties contributing to magnetomechanical hysteresis.
The maximum magnetostriction magnitude, although reduced, is still sizeable, and should be
more than sufficient for use as a magnetomechanical stress sensing material for many
applications. Saturation magnetization, upon which the magnitude of the external field used
in noncontact sensing will depend, shows only a modest decrease throughout the
compositional range. Similarly, the slope of the magnetostriction curve at low field, upon
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which the sensitivity for stress sensing applications depends, does not appear to be adversely
affected. Thus, it should be possible to adjust the temperature dependence of
magnetomechanical hysteresis while still maintaining sufficient magnetomechanical sensor
material performance.
Conclusions
The effects of composition on the magnetic and magnetomechanical properties of
manganese-substituted cobalt ferrite have been studied. The results show that the Curie
temperature of cobalt ferrite can be reduced over a substantial range by the substitution of
Mn for Fe. The fact that the Curie temperature and magnetostriction of manganese-doped
cobalt ferrite are selectable by adjusting manganese content allows the material properties to
be optimized for use in magnetomechnical stress sensors over a range of operational
temperatures.
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Abstract
The temperature variation of magnetic anisotropy and coercive field of magnetoelastic
manganese-substituted cobalt ferrites (CoMnxFe2-xO4 with 0  x  0.6) was investigated.
Major magnetic hysteresis loops were measured for each sample at temperatures over the
range 10-400 K, using a superconducting quantum interference device magnetometer. The
high-field regimes of the hysteresis loops were modeled using the law of approach to
saturation equation, based on the assumption that at sufficiently high field only rotational
processes remain, with an additional forced magnetization term that was linear with applied
field. The cubic anisotropy constant 1K was calculated from the fitting of the data to the
theoretical equation. It was found that anisotropy increases substantially with decreasing
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temperature from 400 K to 150 K, and decreases with increasing Mn content. Below 150 K,
it appears that even under a maximum applied field of 5 T, the anisotropy of CoFe2O4 and
CoMn0.2Fe1.8O4 is so high as to prevent complete approach to saturation, thereby making the
use of the law of approach questionable in these cases.
Introduction
Magnetoelastic materials exhibit changes in their magnetization in response to applied stress
or torque. These changes may be sensed remotely by measuring changes in external magnetic
field ("fringing" field), and this phenomenon can be used for stress and torque sensor
applications. Cobalt ferrite and metal-bonded cobalt ferrite composites [1] and their Mn-
substituted modifications [2] show promising magnetomechanical properties for use in such
sensors because of their high levels of magnetostriction  and its derivative dHd , which
can be selected by control of the Mn content. Substituting Mn for Fe in cobalt ferrite allows
adjustment of the Curie temperature of the material [2], thereby influencing the temperature
dependence of its stress sensitivity and magnetomechanical hysteresis.
However, there is much that is still not understood about the magnetomechanical properties
of these materials. In particular, further investigation is required of the temperature
dependence of the magnetomechanical response, which is strongly dependent on the
magnetostriction and magnetic anisotropy, as well as magnetic coercivity, permeability, and
chemical composition of the material. In the present study we report the results of a
systematic study of the effect of substitution of Mn for Fe in CoFe2O4 on magnetic
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anisotropy and coercive field at different temperatures, from 10 K to 400 K, for a series of
sintered bulk Mn-substituted cobalt ferrites of composition CoMnxFe2-xO4 for 0  x  0.6.
Experimental Details and Results
A series of manganese-substituted cobalt ferrite samples with general compositions
CoMnxFe2-xO4 (where x ranges from 0 to 0.6) was prepared by standard powder ceramic
techniques2 with a final sintering at 1350°C for 24 hours and subsequent furnace cooling to
room temperature. The actual compositions, which were determined using energy dispersive
x-ray spectroscopy (EDX) in a scanning electron microscope (SEM), were found to be close
to the target compositions. X-ray powder diffractometry study showed a single-phase cubic
spinel crystal structure for all samples. SEM studies showed a dense, homogeneous
microstructure of equiaxed grains of typically 10 µm in diameter in all samples.
Vibrating sample magnetometer measurements were conducted to determine the Curie
temperature, CT , of the samples, which was found to decrease linearly from 784 K for pure
cobalt ferrite to 577 K for CoMn0.6Fe1.4O4.2 Using a superconducting quantum interference
device SQUID magnetometer, the temperature dependence of magnetization under an
applied field of 5 T (50 kOe) was recorded, on cooling from 400 K to 10 K (Figure 1).
Although an apparent decrease in magnetization was observed for the CoFe2O4 and
CoMn0.2Fe1.8O4 samples for temperatures below about 160 K and 130 K, respectively, this
appeared to be due to the applied field no longer being able to saturate these samples at these
temperatures (see the Discussion section below). Measurements of major hysteresis loops
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were also made at selected temperatures over the range 10-400 K using the SQUID
magnetometer. The maximum applied magnetic field was 5 T. As an example, the first
quadrant portion of major hysteresis loops for CoMn0.4Fe1.6O4 at different temperatures are
shown in Figure 2. The coercive field CH for different compositions and different
temperatures is shown in Fig. 3.
Fig. 1. Temperature dependence of maximum magnetization for Mn-substituted cobalt
ferrites, measured under a constant magnetic field of 5 T.
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Fig. 2. Major hysteresis loops of CoMn0.4Fe1.6O4 for different temperatures.
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Fig. 3. Coercive field as a function of temperature for manganese-substituted cobalt ferrite
samples CoMnxFe2-xO4 with various manganese contents (x = 0 to 0.6).
In order to evaluate the temperature dependence of the anisotropy, it was assumed that all
irreversible hysteretic processes were completed when the major hysteresis loop closed and
that further increase of the magnetic moment was due to rotational processes which are
connected with the magnetic anisotropy. Based on the law of approach (LA) to saturation,
which describes the dependence of magnetization M on the applied field for CHH >> ,
magnetization near the saturation magnetization SM can be approximated by[3]:
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where the numerical coefficient 8/105 is for random polycrystalline specimens with cubic
anisotropy, and 1K is the cubic anisotropy constant (the one-constant approximation to cubic
anisotropy is assumed). The term H describes forced magnetization due to an increase of
the spontaneous magnetization in high fields, where the parameter  is the high-field
susceptibility. The forced magnetization term was found necessary to fit the hysteresis curves
at higher temperatures and higher fields.
The high-field parts of the major hysteresis curves were fitted using the standard LA by Eq.
(1). For temperatures above 150 K, using only the parts of the curves with fields higher than
1 T, the best values of SM , 1K and  to describe the data were calculated. For temperatures
below 150 K, only the parts of the curves with fields higher than 2.5 T were compared with
Eq. (1). Detailed examination of the curves revealed that forced magnetization was negligible
in this regime, as might be expected. Therefore, 0= and consequently SM and 1K were
the only fitting parameters. The temperature dependence of the calculated anisotropy 1K for
different manganese contents is shown in Fig. 4. The values of saturation magnetization SM
computed by fitting Eq. (1) to experimental data were found to be approximately the same as
the measured maximum magnetization values at 5 T, except for temperatures above 150 K,
where the maximum magnetization measured is larger than SM by several percent due to the
occurrence of forced magnetization.
67
Fig. 4. Cubic anisotropy constant, 1K , determined by law of approach to saturation, vs
temperature for manganese-substituted cobalt ferrite samples CoMnxFe2-xO4 with various
manganese contents (x = 0 to 0.6). Experimental data [7] for single crystal pure cobalt ferrite
(marked as CoFe2O4 - S.) and theoretical calculations [8] for pure cobalt ferrite (marked as
CoFe2O4 - T.) are presented for comparison.
Discussion
The analysis of temperature dependence of the anisotropy constant 1K for CoMnxFe2-xO4 can
be divided into two regions: above and below 150 K (see Fig. 4). For temperatures above
150 K, the anisotropy of all the Mn-substituted cobalt ferrites increases substantially with
decreasing temperature, to values that are of the order of magnitude 106 J/m3 (or
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107 erg/cm3). Also, at each specific temperature anisotropy decreases with increasing Mn
content. However, below 150 K dependence of the calculated anisotropy on temperature
becomes more complicated: as temperature decreases, K1 continues to increase for the
specimen with x=0.6, however, at a slower rate; it appears to level off at the lowest two
temperatures for the specimen with x=0.4; and it appears to decrease for the sample with
x=0.2 and pure cobalt ferrite (x=0.0). These anomalous decreases are most likely due to the
applied field strength being no longer able to saturate the sample since anisotropy is
increasing to very high levels.
The dependence of maximum magnetization on temperature (Fig. 1) also supports the
conclusion that 5 T is not enough to saturate the specimens at low temperatures (below about
150 K), especially for pure cobalt ferrite or specimens with lower manganese content. For
example, for x=0 and x=0.2 magnetization reaches a maximum at temperatures ~150 K and
then slightly decreases, which suggests that the anisotropy has become so high that the
samples could not be magnetized sufficiently close to saturation for the fitting method to be
able to extract an accurate value for 1K . Indeed, for the pure cobalt ferrite, the anisotropy
field [4] SK MKH 012 µ= was estimated to be 4.7 T at 150 K. It would therefore be
expected that, as the anisotropy further increases for temperatures below 150 K, 5 T would
not be enough to magnetize the sample to saturation.
Only the absolute value of the cubic anisotropy constant K1 can be extracted from the LA
composition approach [see Eq. (1)]. To second order, the numerical expression is the same
for [100] and [111] easy axes. However, it has been reported in the literature that the
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anisotropy of cobalt ferrite is positive, i.e. <100> are the easy axes [5] and the reported
values for 300 K range from 2.1 x 105 J/m3 to 3.9 x 105 J/m3 depending on the stoichiometry
of the material and heat treatment [6],[7]. In the present study, the magnitude of the
anisotropy of pure CoFe2O4 was found to be 2.7 x 105 J/m3 (2.65 106 erg/cm3) at 300 K,
which is consistent with values reported in the literature. Moreover, for temperatures above
150 K our method for determination of the anisotropy constant K1 for these ferrites is
supported by the experimental data for pure cobalt ferrite of Shenker [7], who measured
anisotropy of single-crystal cobalt ferrite by a modified torque magnetometer method, and by
the theoretical work of Tachiki [8] (see Fig. 4).
The observed decrease in anisotropy of cobalt ferrite with manganese content can be
interpreted in terms of the effects of Mn substitution on site occupancies of the cations.
According to the one-ion model, the strong anisotropy of cobalt ferrite is primarily due to the
presence of Co2+ ions on the octahedral sites of the spinel structure [9]. The results of our
recent Mossbauer spectroscopy studies of the Mn-substituted cobalt ferrites suggest that, in
substituting manganese for iron, Mn3+ goes into the octahedral sites, and at least some of the
Co2+ ions are displaced from octahedral to tetrahedral sites [10]. This supports the observed
decrease in anisotropy with increasing Mn content, found for all temperatures in the
temperature region above 150 K where a good agreement with the law of approach equation
could be obtained.
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Conclusions
The temperature dependence of magnetic anisotropy of polycrystalline manganese-
substituted cobalt ferrite specimens of composition CoMnxFe2-xO4 with 0  x  0.6 was
investigated. Magnetic anisotropy constants were obtained from fitting of the high-field parts
of the major hysteresis loops with the LA equation, with an additional term to express the
forced magnetization contribution. It was found that between 400 K and 150 K, the
anisotropy of all Mn-substituted cobalt ferrites increases substantially with decreasing
temperature and decreases with increasing Mn content. The decrease with increasing Mn
content is consistent with our interpretation of recent Mossbauer spectroscopy measurements,
taking into account the one-ion anisotropy model. It was also concluded that below 150 K the
anisotropy is so high that the applied magnetic field of 5 T does not magnetize the specimens
sufficiently close to saturation to enable extraction of an accurate value for 1K by the LA
method. This accounts for the apparent decrease in the calculated anisotropy as temperature
decreases below 150 K for the pure cobalt ferrite and low Mn content samples.
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Abstract
The Tb5(SixGe4-x) alloy system is similar to the better known Gb5(SixGe4-x), except it has a
more complex magnetic and structural phase diagram. Gb5(SixGe4-x) has received much
attention recently due to its giant magnetocaloric effect, colossal magnetostriction and giant
magnetoresistance in the vicinity of a first-order combined magnetic-structural phase
transition. The magnetostriction changes that accompany the phase transition of the single-
crystal Tb5(Si2.2Ge1.8) have been investigated at temperatures between 20 and 150 K by
measurements of magnetostriction along the a axis. Over this temperature range the shape
and slope of the magnetostriction curves change, indicative of changes in the magnetic state,
crystal structure, and magnetic anisotropy. The results appear to indicate a phase transition
that occurs near 106 K (onset-completion range of 116 - 100 K). The steepness of the strain
transition, its unusual hysteresis, and its temperature dependence appear to indicate a first-
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order phase transition which is activated by applied magnetic field in addition to temperature
(see Fig. 1). Magnetostriction measurements at temperatures below the transition region
appear to indicate a magnetostriction of small overall magnitude (about 30 x 10-6) but high
anisotropy, with the anisotropy showing considerable temperature dependence.
Introduction
The Tb5(SixGe4-x) alloy system is similar to the better known Gd5(SixGe4-x), except it has a
more complex magnetic and structural phase diagram. Gd5(SixGe1-x)4, has received much
attention recently due to its giant magnetocaloric effect, colossal magnetostriction, and giant
magnetoresistance in the vicinity of a first-order combined magnetic-structural phase
transition. Tb5(SixGe4-x) also demonstrates many of these features. Magnetostriction
changes accompany the phase transitions of single crystal Tb5(SixGe4-x). In this paper, linear
magnetostriction along the a axis of the single-crystal Tb5(Si2.2Ge1.8) has been investigated at
different temperatures over a range of 20 to 50 K and from the results, details of the magnetic
and structural phase transitions have been infered.
Experimental Details
Single crystal Tb5(Si2Ge2) was produced via the Bridgman method, as described in Ref. 1.
An a-b surface was produced via electron discharge cutting and cleaned with ethanol. A
strain gauge was then bonded to this surface. The sample was then mounted to a copper
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block using a thermally conductive silver epoxy. The temperature sensor was connected to
this block with a screw and thermally conductive paste. The copper block was mounted with
this same thermally conductive paste to the cold finger of a closed cycle He refrigeration
system. The sample was oriented so that the applied field and strain gauge measurement
directions were both along the a axis. The cryogenic system with the sample mounted inside
was then pumped down to 10-7 torr and the system was cooled to 14 K. Before each
measurement of a magnetostrictive strain versus applied field curve, the temperature was
increased to the target temperature and controlled using an electric heater in the cold finger.
The magnetic field was applied via a computer control system and measured by a gauss
meter. The magnetostriction was measured using the strain gauge method. Both field and
strain gauge readings were recorded on the computer together with the temperature at which
the measurements were made.
Results and Discussion
For the purposes of this discussion, the measurement results of the strain along the a axis as a
function of magnetic field can be grouped into three different temperature regions, which
follow the regions of the phase diagram determined in Ref. 2. Starting at 20 K (Fig. 1), the
strain versus field ( v. H) curve had a distinct shape. Starting at low applied field, the strain
peaks at 30 ppm near 3 kOe, then decreases steeply, and becomes negative for high applied
field magnitude where the trend becomes one of contraction. This trend continues until one
passes from the low temperature ferromagnic orthorhombic(I) (FM2) phase to the
ferromagnetic orthorhombic(I) (FM1) phase near 70 K [2]. At that temperature the
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maximum strain at 3 kOe drops to about 10 ppm, and the slope above 3 kOe becomes zero
and then for higher temperatures becomes positive and becomes more linear. The high field
slope becomes increasingly positive for increasing temperature until just below 100 K.
Magnetostriction of Tb5Si2.2Ge1.8, Strain of a-Axis, Field Along a-Axis
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Fig. 1. Strain vs applied field for Tb5(Si2.2Ge1.8), measured along the a axis (field along a
axis), for a temperature range of 20-98.5 K.
Between 98.5 and 116 K (Fig. 2), the structure of the material changes from a Gd5Si4-type
orthorhombic crystal structure to a Gd5Si2Ge2-type monoclinic structure [2]. This is the
transition from a low temperature ferromagnetic to a higher temperature paramagnetic state
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[3]. The structural change is influenced by the applied magnetic field. This field-affected
structural change is demonstrated by the unusual magnetomechanical hysteresis evident in
the transition area  vs H curves. As increasing field is applied, the initial slope of strain
versus applied field is low, but at higher field, there is an abrupt increase in strain, followed
by a decrease of slope again. As field is decreased, strain remains large to lower applied
field, then again shows an abrupt decrease before reaching zero applied field. This hysteresis
region is also observed to shift toward higher applied field values as temperature increases.
The maximum strain in this region of magnetically and thermally induced phase transitions is
much larger than the maximum strain from the paramagnetic and ferromagnetic regions on
either side. The maximum strain and the width of the hysteresis are observed to increase,
peak at 106 K, then decrease again. There would appear to be a first-order transition
occurring in this region, triggered by an applied magnetic field (it shows an abrupt change in
strain, it shows a hysteresis, and, for increased temperature, it requires more applied field to
trigger the transition), however, the behavior of this material appears more complex than the
first-order magnetic-structural phase transformation previously observed in Gd5Si2Ge2 [4]
and might represent that proposed by Morellon et al. [5] in which in this temperature range
the ferromagnetic orthorhombic phase can transform to ferromagnetic monoclinic phase
before transforming to paramagnetic monoclinic phase.
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Magnetostriction of Tb5Si2.2Ge1.8, Strain of a-Axis, Field Along a-Axis
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Fig. 2. Strain vs applied field for Tb5(Si2.2Ge1.8), measured along the a axis (field along a
axis), for a temperature range of 98.5-116 K.
Above this structural change (Fig. 3), the shape of the magnetostriction versus field ( v. H)
curve settles into a regular ‘U’ shape. From 118 K to 150 K, the material stays in the
Gd5Si2Ge2-type monoclinic structural state [2]. As the material becomes paramagnetic, the
magnitude drops steadily, from above 130 ppm, down to about 35 ppm. The unusual
magnetomechanical hysteresis is gone from the sample in this region. It also does not show
the ordinary magnetic hysteresis often observed in magnetostriction curves.
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Magnetostriction of Tb5Si2.2Ge1.8, Strain of a-Axis, Field Along a-Axis
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Fig. 3. Strain vs applied field for Tb5(Si2.2Ge1.8), measured along the a axis (field along a
axis), for a temperature range of 116-142 K.
Comparing the slopes d/dH, both the maximum value and the value at the origin, across the
range of temperatures from 20 to 150 K (Fig. 4), it is immediately evident that a large
discontinuity is present between 100 and 116 K. This is attributed to the first-order transition
that arises because of both structural and magnetic changes occurring in the material and the
fact that the transition is field dependent. This might represent the phase transition sequence
proposed by Morellon et al. [5], in which in this temperature range the ferromagnetic
orthorhombic phase can transform to ferromagnetic monoclinic phase before transforming to
paramagnetic monoclinic phase.
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Tb5Si2.2Gd1.8 Single Crystal, Slope Magnetostriction
of a-Axis, Field Applied Along a-Axis.
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Fig. 4. Maximum slope and slope at the origin of magnetostriction along the a axis (field
along the a axis), for a temperature range of 20-142 K.
Conclusions
Tb5(Si2Ge2) has a more complicated magnetostriction behavior than the related Gd5(Si2Ge2)
compound. At low temperature below 70 K, magnetostriction is small and positive for low
fields below 3 kOe, but shows negative slope for fields above 3 kOe. Above 70 K,
magnetostriction is positive throughout but changes from higher slope below 3 kOe to lower
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slope above 3 kOe. In the region between 100 and 116 K, the magnetostriction shows a
magnitude as high as 750 ppm and an usual high field hysteresis region, which moves up in
field with increasing temperatures. Beyond 116 K, the hysteretic region can no longer be
observed with 20 kOe of applied magnetic field. In the region from 118 to 150 K,
magnetostriction has a simple U shape, with magnitude decreasing with increasing
temperature.
This behavior is consistent with the hypothesis that there is a phase transition from one
orthorhombic ferromagnetic state to another orthorhombic ferromagnetic state at 70 K upon
heating; and in the region from 100 to 116 K there is a first-order phase transition, more
complex than that of first-order phase transition, more complex than that of Gd5Si2Ge2,
which is also affected by an applied magnetic field. The latter phase transition could be that
proposed by Morellon et al. [5], in which the ferromagnetic orthorhombic phase can
transform to a ferromagnetic monoclinic phase before transforming to paramagnetic
monoclinic phase. It appears that the giant magnetostriction of 750 ppm can be observed
because the applied magnetic field is triggering a first-order phase transition.
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Abstract
This paper reports on the behavior of single crystal Tb5Si2.2Ge1.8 in the vicinity of its order-
disorder and order-order phase transition from a higher temperature paramagnetic/monoclinic
state to a lower temperature ferromagnetic/orthorhombic state. Measurements have been
made of thermal- and field-induced changes in strain along the crystallographic “a” axis.
The material exhibits large strains of up to 1500 ppm when a magnetic field is applied to it in
its paramagnetic state but much smaller strains when a field is applied to it in its
ferromagnetic state. These field-induced strains are different from conventional
magnetostriction because they result mostly from the change in crystal structure. As a result
of this the field induced strain changes that accompany the phase transitions of this material
are not fully reversible. The shape and slope of the strain versus magnetic field curves were
distinctly different depending on whether the material started from above the Curie
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temperature (where the application of a magnetic field of sufficient strength induced a
structural phase transformation) or started from below the Curie temperature (where the
application of a field merely stabilized the existing magnetic order).
Introduction
The present work has investigated the transformation of single crystal Tb5Si2.2Ge1.8 from a
high temperature monoclinic state to a low temperature orthorhombic state. This
transformation is associated with a large discontinuous change in the ‘‘a’’ axis strain of the
sample with temperature. The temperature and field induced strains have been measured over
the range of 20 to 150 K and 0 to 20 kOe. From the results, which show dramatically
different behavior of strain as a function of field above and below the transition temperature,
details of the magnetic and structural phase transitions have been inferred.
The Tb5SixGe4−x alloy system is similar to the better known Gd5SixGe4−x, except that it has a
more complex magnetic and structural phase diagram. The Gd5SixGe4−x system has received
much attention recently due to its giant magnetocaloric effect, colossal magnetostriction, and
giant magnetoresistance in the vicinity of a first order combined magnetic/structural phase
transition. Tb5SixGe4−x also exhibits many of these features. Large changes in strain also
accompany the phase transition of single crystal Tb5SixGe4−x from a high temperature
paramagnetic/monoclinic state to a low temperature ferromagnetic/orthorhombic state.
85
There has been some uncertainty over whether the structural transition temperature T* and
the magnetic transition temperature Tc coincide in the Tb alloys [1, 2, 3]. The phase diagram
published by Ritter et al. [3] was based on polycrystalline data and the expected transition
temperatures for the alloy composition under investigation here can be determined by
interpolation of Ritter’s data to be Tc = 115 K and T* = 70 K. Morellon et al. [4] also using
data from polycrystalline materials have suggested that ferromagnetism arises in the
monoclinic phase at the Curie temperature with a second order phase transformation, and that
the first order structural transition from monoclinic to orthorhombic occurs at a lower
temperature. Morellon et al. [5] suggest on the basis of linear thermal expansion,
magnetization and neutron diffraction studies that under zero stress the Curie temperature T
c
= 110 K and the structural transition temperature T
*
= 92 K for Tb5Si2Ge2 but as hydrostatic
pressure increases the two transition temperatures gradually converge until they coincide at
115 K under a pressure of 8.6 Kbar. In a more recent paper from the same group the
structural transition temperature was reported to be T
*
= 100 K [6].
The present results on single crystal samples of Tb5Si2.2Ge1.8 include both thermal expansion
measurements at constant magnetic field and magnetostriction measurements at constant
temperature. In both cases the strains were measured along the “a” axis, which is the
crystallographic axis that exhibits the largest strain. Thermal expansion measurements,
particularly at zero field, give a direct indication of the structural changes occuring in the
material. Magnetostriction reflects aspects of both structural and magnetic changes. We rely
also on previous data on magnetic susceptibility to confirm the Curie temperature. Present
results show that large irreversible changes in strain accompany the structural transition and
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that these occur at temperatures in the vicinity of 106 K. Although these results do not prove
definitively that T
c
and T
*
coincide they do show that the two temperatures are much closer
than was previously anticipated.
Experimental Details
Single crystal Tb5Si2.2Ge1.8 was produced via the Bridgman method [7]. A clean, planar
surface containing the crystallographic ‘‘a’’ and ‘‘b’’ axes was produced via electron
discharge cutting. This surface was prepared with ethanol and a strain gauge was bonded to
the surface to measure strain along the ‘‘a’’ axis. The sample was mounted on a copper block
using a thermally conducting silver epoxy. A cernox temperature sensor was mechanically
attached to this block with a screw together with thermally conducting paste. The copper
block was mounted using the same thermally conducting paste to the cold finger of a closed
cycle helium refrigeration system. The sample was oriented so that the applied field was
along the ‘‘a’’ axis, parallel to the direction of strain measurement.
The magnetic field was applied using an electromagnet with a computer programmable
power supply. A gaussmeter was used to measure the magnetic field. The magnetostriction
was measured using the strain gauge method. Both field and strain gauge readings were
recorded on the computer together with the temperature at which the measurements were
made. The cryogenic system with the sample mounted inside was pumped down to 10−7 torr
and the system was cooled to 14 K. Measurements were made of  v. H for samples that had
been (i) cooled from a temperature above Tc or (ii) heated from a temperature below Tc after
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thermal demagnetization. A comparison was made of the behavior of the material in these
two regimes.
Results and Discussion
Magnetization data, particularly susceptibility, are suitable for distinguishing between
magnetic structures such as paramagnetic and ferromagnetic order and the Curie temperature.
Our earlier results [7] on magnetic susceptibility led us to the conclusion that Tc = 110 K,
which is consistent with present results.
Thermal expansion: Effect of Applied Field on the Phase Transition
Thermal expansion measurements at different fixed field strengths are shown in Fig. 1. The
large temperature induced strains should occur when the material is transformed from a
monoclinic to an orthorhombic structure. If we therefore assume that the high slope
(d/dT)max corresponds to the structural transition, the present results suggest that at zero
applied field this occurs at a temperature T* of between 106 and 110 K, depending on
whether the temperature is increasing or decreasing. With the application of a magnetic field
along the “a” axis the transition temperature T*, as determined by the maximum rate of
change of strain as a function of temperature (d/dT)max, increased with the strength of the
magnetic field H. The change in transition temperature with applied field appeared to be
non-linear, as shown in Fig. 2. For example a change in transition temperature of 1.5 degrees,
from 108.6 to 110.1 K occurred when the applied field was changed from 0 to 10 kOe,
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whereas an increase of 5.5 degrees from 110.1 to 115.6 K was caused by an equal increase in
field from 10 to 20 kOe. The transition temperature varies with field according to the
relation T* = a + bB +cB2, where a = 108.5 K, b = 0 and c = 1.75 K.tesla-2.
Fig. 1. Temperature dependence of strain measured along the “a” axis for single crystal
Tb5Si2.2Ge1.8 at 0, 10 and 20 kOe applied field.
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Fig. 2. Variation of the transition temperature T* for single crystal Tb5Si2.2Ge1.8 as
determined from the maximum slope (d/dT)max.
Magnetostriction: Effect of Temperature on the Phase Transition
Magnetostriction measurements were made at fixed temperatures of 114.5, 112.5, 110.6,
108.6, 105.8, 104.9, 103.0, and 97.1 K in order to examine the behavior of the properties
above and below Tc. Measurements of strain vs. applied field were made at temperatures
above Tc after the material was cooled from well above Tc to near Tc. The results are shown
in Fig. 3. At 114.5 K. the material was too far above the transition temperature so that no
field-induced transition took place even for fields of 20 kOe. At 112.5 K and 110.6 K the
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magnetostriction curves show that the transition from monoclinic to orthorhombic can be
caused by the application of a magnetic field, but the material was still close enough to T*
that it returned to a monoclinic crystal structure on removal of the applied field. More field
was required to cause the transition at 112.5 K than at 110.6 K. At 108.6 K there was
insufficient thermal energy to cause a reversion from orthorhombic to monoclinic on removal
of the field.
Fig. 3. Magnetostrictive strain versus applied field, both measured along the “a” axis for
single crystal Tb5Si2.2Ge1.8 at various temperatures above the transition temperature Tc.
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Magnetostriction measurements were also made at temperatures from well below Tc to near
Tc. Commonly occurring “butterfly”-shaped magnetostriction curves were observed, as
shown in Fig. 4, with strain amplitudes of 200 ppm or less. The amplitude decreased with
decreasing temperature. The results of the tests shown in Fig. 4. have similarities to those
obtained in previous studies [2].
Fig. 4. Magnetostrictive strain versus applied field, both measured along the “a” axis for
single crystal Tb5Si2.2Ge1.8 at various temperatures below the transition temperature Tc.
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Conclusions
The large thermal expansion and magnetostrictive strains arose from changes in either the
crystal structure and the magnetic state respectively. The steepness of the rate of change of
strain versus temperature, its hysteresis, and the temperature dependence of strain versus
field are indicative of a first order phase transition, which can be activated either by an
applied magnetic field or a change in temperature. The application of a magnetic field
increases the transition temperature, so that when the sample was already below the zero
field transition temperature the application of a magnetic field only had the effect of
stabilizing the existing magnetic structure.
At some temperatures, above T* but sufficiently close to T*, the application of a magnetic
field causes a structural change from monoclinic to orthorhombic, together with the
associated magnetic change from paramagnetic to ferromagnetic. The subsequent removal of
the magnetic field may result in a reversion to the paramagnetic state, if the temperature is
sufficiently high; or the material may not revert if the temperature is sufficiently close to the
zero field Curie temperature.
In most magnetic materials the Curie point transition is independent of field strength.
Tb5SixGe4-x is unusual in that the order–disorder transition is of the first order and therefore
over at least part of the composition range these alloys exhibit hysteresis and field
dependence of the structural and magnetic transitions that is rarely seen. An applied
magnetic field will induce the first order structural transition, which is detected by the strain
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which accompanies crystallographic change, to occur at a higher temperature. This effect
occurs both while sweeping temperature at a fixed applied field strength (thermal expansion),
or while holding temperature steady and sweeping the applied magnetic field
(magnetostriction).
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Chapter 9. Summary
The effects of stress on magnetization and applied field on strain in magnetoelastic materials
have been investigated. Experimental evidence for a theoretical relation between applied
stress and magnetization has been explored. A material for torsional stress sensors has been
identified and improved via changing the chemical composition of the material and by
magnetic annealing. Finally, a material that exhibits a large strain due to a magnetically
induced phase transition has been investigated with magnetic field applied along different
crystallographic axes.
Shear Stress effects on the Magnetization of Nickel
The nonlinear, hysteretic response of ferromagnetic materials such as nickel to shear stress
cannot be described using the standard linear reversible theory of magnetoelasticity. A
theoretical description, developed by Chen and Jiles, as an extension to the theory of the
magnetomechanical effect to include shear stress by treating the effects of stress on the
hysteretic magnetization as an effective field acting on the sample, was verified. Verification
was achieved by measuring the magnetomechanical response of nickel to shear stress and
comparing the results with the values calculated from the theoretical equations.
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Cobalt Ferrite as a Stress Sensor
Cobalt ferrite, and variants thereof, have been identified as candidate materials for stress and
torque sensors. Cobalt ferrite has a strong sensitivity of magnetization to stress, has good
mechanical properties, is corrosion resistant, and a low cost. The magnetomechanical
hysteresis in the range of operating temperatures suitable for applications of this material
provided a challenge that we have made progress in overcoming through adjustments to the
chemical composition.
Doping the cobalt ferrite with either silicon or manganese lowered the Curie temperature of
the material. This means that doping the cobalt ferrite reduced the exchange interactions
within the material. This lower Curie temperature should allow for the reduction of the
magnetomechanical hysteresis in the operating temperature range. Differences in the thermal
preparation and annealing temperatures could affect the compositional homogeneity, possible
presence of secondary phases, and the site occupancy of Co and Fe among the different
crystallographic sites such as the tetrahedral A and octahedral B sites, thereby affecting the
strength of the exchange interactions and hence the Curie temperature and anisotropy.
The silicon doped cobalt ferrite had a Curie temperature as much as 44 C lower than the pure
cobalt ferrite. This silicon-doped material was difficult to produce and the presence of a
secondary phase of SiO2 was troublesome. This material appeared to be only of marginal
interest.
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Substituting Mn for Fe in cobalt ferrite reduced the Curie temperature by as much as 300 C,
as in the case of CoFe1.2Mn0.8O4. Additionally, the saturation magnetization showed only a
modest decline, of up to 20% over the range investigated. The lowest measured
magnetostriction for this material was reached with the 0.8 Mn composition with 50 ppm of
strain, but even this was higher than that of alternative magnetoelastic sensor materials such
as nickel.
Magnetic annealing the material further improved the strain derivative of the material,
allowing for increased sensitivity and precision of strain measurements. This preparation
technique, coupled with the use of manganese doped cobalt ferrite material, should allow for
a more sensitive torque and stress sensing material with little or no magnetomechanical
hysteresis at room temperature. Magnetostriction along the easy and hard axes increased by
20% and 26% respectively as a result of annealing. The sensitivity was increased, as
measured by the maximum strain derivative, by 126% for the easy axis and by 163% for the
hard axis, under a magnetic field applied along the hard axis. Further improvement should
be possible once the connection between Curie temperature and room temperature
magnetomechanical hysteresis is proven.
Tb5Si2.2Ge1.8
The Tb5Si2.2Ge1.8 system is important to study for the insight such a complex system can give
to our understanding of the Curie temperature and its relationship with applied field in
materials with a first-order phase transition. Classical magnetic theory assumes a second
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order phase transition at the Curie point so that the Curie temperature is independent of the
applied field. The Tb5Si2.2Ge1.8 system exhibits a change in Curie temperature with the
application of a magnetic field. The material also has an extremely large field induced strain,
which we have referred to as magnetostriction, although strictly it is not magnetostriction in
the conventional sense.
Tb5Si2Ge2 has more complicated magnetostriction behavior than the related Gd5Si2Ge2
compound. At low temperatures below 70 K, magnetostriction is small and positive for low
fields below 3 kOe, but shows negative slope for fields above 3 kOe. Above 70 K,
magnetostriction  is positive throughout, but d/dH has a higher slope below 3 kOe than
above. In the region between 100 and 116 K, the magnetostriction shows a magnitude as high
as 750 ppm and a hysteretic region at high fields, which moves to higher fields with
increasing temperatures. Beyond 116 K, the hysteretic region can no longer be observed with
applied magnetic fields of up to 20 kOe. In the region from 118 to 150 K, magnetostriction
versus field has a simple parabolic shape, with magnitude decreasing with increasing
temperature. This behavior is consistent with the hypothesis that there is a phase transition
from one orthorhombic ferromagnetic state to another orthorhombic ferromagnetic state at 70
K upon heating. In the region from 100 to 116 K, there is a first-order phase transition that is
more complex than that of Gd5Si2Ge2. This first-order phase transition is affected by an
applied magnetic field. The latter phase transition could be that proposed by Morellon et al.
[2], in which the ferromagnetic monoclinic phase before transforming to a paramagnetic
monoclinic phase. It appears that the giant magnetostriction of 750 ppm is observed because
the applied magnetic field is triggering a first-order phase transition.
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